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PHWKRG SURSRVHG LQ WKLV SDSHU FDQ DOVR EH XVHG WR JHQHUDWH
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EHFRQVLGHUHGVLPXOWDQHRXVO\2XUSUHYLRXVZRUNRQGLVWDQFH
IXQFWLRQEDVHGWRROSDWKRSWLPL]DWLRQLVH[WHQGHGLQWKLVSDSHU
WRGHYHORSWKHPRGHODQGDOJRULWKPWRJHQHUDWHWRROSDWKZLWK
VPRRWK URWDU\ PRWLRQ RI WKH PDFKLQH WRRO 7KH WRRO SDWK LQ
WKLVSDSHU LV UHSUHVHQWHGZLWK WKHFXWWHU ORFDWLRQFXUYH LQ WKH
3&6 DQG WKH WUDMHFWRU\ FXUYHV RI WKH WZR URWDU\ D[HV RI WKH
PDFKLQH WRRO 7KH VPRRWKLQJ LV DSSOLHG GLUHFWO\ LQ WKH
PDFKLQHFRRUGLQDWHV\VWHP0&6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DQGWKHJHRPHWULFGHYLDWLRQVDUHDOVRWDNHQLQWRDFFRXQW7KH
UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV IROORZV 7KH
SUHOLPLQDULHVIRUILYHD[LVIODQNPLOOLQJLVSUHVHQWHGLQVHFWLRQ
 LQFOXGLQJ RXU SUHYLRXV ZRUN RQ SRLQWWRVXUIDFH GLVWDQFH
IXQFWLRQEDVHGWRROSDWKRSWLPL]DWLRQ,QVHFWLRQWKHPRGHO
DQG DOJRULWKP IRU VPRRWKQHVV WRRO SDWK RSWLPL]DWLRQ LQ WKH
0&6LVGHVFULEHG1XPHULFDOH[DPSOHLVSUHVHQWHGLQVHFWLRQ
DQGFRQFOXVLRQVDUHJLYHQLQVHFWLRQ
3UHOLPLQDULHV
2.1.  Inverse kinematic transformation computation 
,Q ILYHD[LV PDFKLQLQJ WKH WRRO RULHQWDWLRQ JHQHUDWHV WKH
PRYHPHQW RI WKH URWDU\ D[HV RI WKH PDFKLQH WRRO 6XFK
PRYHPHQWVDUHUHODWLYHWRWKHPDFKLQHWRROW\SH)RUH[DPSOH
WKH,.7IRUDPDFKLQHWRROLOOXVWUDWHGLQ)LJOHDGVWRVROYH
WKHIROORZLQJHTXDWLRQV
   
   
 
VLQ VLQ
FRV VLQ
FRV
i C A
j C A
k A
 u­
°   u®
°  ¯


D



E
)LJ7KHVSLQGOHWLOWLQJPDFKLQHWRRO
7KH ZD\ WR FRPSXWH WKH VROXWLRQ IRU A DQG C D[LV
PRYHPHQWVFDQEHUHIHUUHGWR5HIV>@
2.2. Representation of a tool path with two rotary axes 
$ILYHD[LVWRROSDWKFRQVLVWVRIFXWWHUORFDWLRQ&/FXUYH
DQGWRRORULHQWDWLRQDWHYHU\&/SRLQWRQWKHFXUYH:KHQWKH
WRROSDWKLVREWDLQHGWKH,.7RIWKHSDUWLFXODUPDFKLQHWRROLV
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WFDQEHH[SUHVVHGDV
 
 
 
 
     
     
  
VLQ VLQ
FRV VLQ
FRV
C Ai
j C A
k A
C t C tO t
t O t C t C t
O t C t
ª ºª º
« »« »  « »« »
« »« »¬ ¼ « »¬ ¼
O 
ZKHUH    A CC t C t DUHWKHVSOLQHFXUYHVRIWKHWZRURWDU\D[HV
RIWKHVSHFLILHGPDFKLQHWRROGXULQJWKHWRROSDWKZKLFKFDQ
EHFDOFXODWHGE\LQWHUSRODWLQJWKHSRVLWLRQVRIWKHURWDU\D[HV
RI WKH GLVFUHWH FXWWHU ORFDWLRQ GDWD DORQJ WKH WRRO SDWK 7R
V\QFKURQL]H WKHFXWWHU ORFDWLRQDQG WRRORULHQWDWLRQ WKHNQRW
YHFWRURIPW DQGOW DUH LGHQWLFDO DQGQRUPDOL]HG DQG WKH
GHJUHHRIWKHVHWZRVSOLQHVDUHLQWKLVSDSHU7KHUHIRUHWKH
WRROD[LV WUDMHFWRU\VXUIDFHRI WKH IODQNPLOOLQJ WRROSDWKFDQ
EHH[SUHVVHGDV(T
      > @   axis a t t a H t a    S w P O 
ZKHUH > @  T mmw w ! \w GHQRWHV WKHFRQWUROSRLQWVRIPW
DQGOWDQGH LVWKHFXWWHUOHQJWKRIWKHFXWWHU6XSSRVHWKH
QXPEHURIWKHFRQWUROSRLQWVRI  tP LV l WKHQ m l l l   
D &XWWHUORFDWLRQVSOLQH

E 7RRORULHQWDWLRQVSOLQH
)LJ6SOLQHVRIFXWWHUORFDWLRQDQGRULHQWDWLRQ
2.3. Geometric deviation evaluation 
)RU ILYHD[LV IODQN PLOOLQJ WRRO SDWK WKH JHRPHWULF
GHYLDWLRQ RI D SRLQW RQ WKH GHVLJQ VXUIDFH LV GHILQHG DV WKH
VLJQHG RUWKRJRQDO GLVWDQFH EHWZHHQ WKH SRLQW WR WKH FXWWHU
VZHSWVXUIDFH X DQGWKHGLVWDQFHIXQFWLRQFDQEHFDOFXODWHG
DV
   
  VLJQ PLQ     
a t
d a t  ;p X w p w  
%\ UHSUHVHQWLQJ WKH VZHSW HQYHORSH RI D JHQHULF URWDU\
FXWWHU DV D VSKHUHVZHSW VXUIDFH >@ WKH JHRPHWULF
GHYLDWLRQ EHWZHHQ D SRLQW p RQ WKH GHVLJQ VXUIDFH DQG WKH
FXWWHUVZHSWVXUIDFH X FDQEHFDOFXODWHGDVIROORZV
      PLQ         a td a t r a t  p X w p S w w  
ZKHUH   r a tw GHQRWHVWKHUDGLXVRIDQ\VSKHUHLQWKHWZR
SDUDPHWHUIDPLO\RIVSKHUHVJHQHUDWHGZKHQWKHFXWWHUPRYHV
DORQJ D WRRO SDWK DV VKRZQ LQ )LJ  DQG    a tS w 
UHSUHVHQWVWKHWUDMHFWRU\VXUIDFHRIWKHVSKHUHFHQWHU

)LJ$FRQLFDOFXWWHULQILYHD[LVPRWLRQ
7KH'LIIHUHQW(YROXWLRQ'(DOJRULWKPFDQEHDGRSWHGWR
VROYH (T  LQ WKLV SDSHU DQG WKH SDUDPHWULF FRRUGLQDWH
 a t FDQEHREWDLQHG'HWDLOVFDQEHIRXQGLQ$SSHQGL[$,Q
WKLV SDSHU    d p X w LQGLFDWHV RYHUFXW DQG    d !p X w 
LQGLFDWHVXQGHUFXW
0RGHODQGDOJRULWKPIRUVPRRWKQHVVWRROSDWK
RSWLPL]DWLRQ
3.1. Smoothness measure for the tool path 
7KHWRROSDWKVKRXOGEHVPRRWKHGLQWKH0&6FRQVLGHULQJ
WKH NLQHPDWLF EHKDYLRU RI WKH PDFKLQH WRRO 7R SUHYHQW WKH
GUDPDWLF GLIIHUHQFH RI WKH URWDU\ D[HV EHWZHHQ WZR
QHLJKERULQJFXWWHUSRVWXUHVWKHVPRRWKQHVVRIWKHWRROSDWKLV
PHDVXUHGZLWK(T
           
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
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
ZKHUH K GHQRWHV WKH VWLIIQHVV PDWUL[ DQG
        

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l lA C \ \D D DUH WKH FRQWURO SRLQWV RI WKH WZR URWDU\ D[HV
VSOLQHV 7KH PDWUL[ K FDQ EH FRPSXWHG E\ WKH QXPHULFDO
LQWHJUDWLRQPHWKRG
3.2. Model for smoothness tool path optimization 
7KH WRRO SDWK FDQ EH DSSOLHG D GHIRUPDWLRQ VR WKDW WKH
HQYHORSH VXUIDFH RI WKH WRRO PRYHPHQW EHVW ILWV WKH GHVLJQ
VXUIDFH /HW ^ ` i i n d d\p GHQRWH WKH SRLQW VHW VDPSOHG
IURP WKH GHVLJQ VXUIDFH 7KH PLQLPDO GHYLDWLRQV WRRO SDWK
VROXWLRQFDQEHREWDLQHGE\VROYLQJ(T



 
i
n
i
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ª º¬ ¼¦ p X w  
,W LV D QRQOLQHDU OHDVW VTXDUH /6 SUREOHP 7KH *DXVV
1HZWRQ PHWKRG FDQ EH DSSOLHG WR VROYH LW DQG GHWDLOV RI
VROYLQJ(TFDQEHIRXQGLQ5HI>@
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6PRRWKLQJ WKH URWDU\ D[HV¶ PRWLRQV RI WKH PDFKLQH WRRO
QHHGV WR GHIRUP WKH WRRO SDWK +RZHYHU WKH JHQHUDWHG
JHRPHWULF GHYLDWLRQV PLJKW EH WRR JUHDW WR EH DFFHSWDEOH
7KHUHIRUH FRPSURPLVH KDV WR EH PDGH EHWZHHQ WKH
VPRRWKQHVV DQG JHRPHWULF GHYLDWLRQV RI WKH WRRO SDWK 7KH
VPRRWKQHVV IXQFWLRQDO smoothF LV ZHLJKWHG DQG DGGHG WR WKH
OHDVWVTXDUHVIXQFWLRQDODQGWKHREMHFWLYHIXQFWLRQRIWKHWRRO
SDWKJHQHUDWLRQEHFRPHV
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
   
m
n
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i=1
min F d O

ª º ¬ ¼¦
\
p X
w
w D KD D KD 
7KHVPRRWKQHVVZHLJKO GHWHUPLQHV WKH UHODWLYH LPSRUWDQFH
EHWZHHQ WKH OHDVW VTXDUHV DQG WKH VPRRWKLQJ WHUP$ELJO 
ZLOO SURGXFH D VPRRWKHU WRRO SDWK ZLWK ODUJHU GHYLDWLRQV ,I
WKHPD[LPDO JHRPHWULF GHYLDWLRQ RI D WRRO SDWK REWDLQHG E\
VROYLQJ (T  ZLWK RQH O FDQQRW PHHW WKH JHRPHWULF
WROHUDQFH UHTXLUHPHQW WKHGLFKRWRP\PHWKRGFDQEHXVHG WR
ILQGRXW WKHRSWLPDOVPRRWKQHVVZHLJK WRPDNH WKHPD[LPDO
JHRPHWULF GHYLDWLRQ VDWLVI\ WKH SUHFLVLRQ UHTXLUHPHQW ZKLOH
SUHVHUYLQJWKHVPRRWKQHVVRIWKHWRROSDWK

1XPHULFDOH[DPSOHV
7RGHPRQVWUDWH WKH YDOLGLW\ RI WKH SURSRVHGPHWKRG WRRO
SDWKJHQHUDWLRQIRUD6VKDSHVXUIDFHLVJLYHQLQWKLVVHFWLRQ
7KH 6VKDSH VXUIDFH LV SUHVHQWHG LQ )LJ  DQG D
F\OLQGULFDO FXWWHU ZLWK UDGLXV  R mm LV XVHG LQ WKLV WHVW
7KH VSLQGOHWLOWLQJ PDFKLQH WRRO LOOXVWUDWHG LQ )LJ  LV
DGRSWHG  FXWWHU ORFDWLRQV DUH GHWHUPLQHG XVLQJ &KLRX¶V
PHWKRG >@ 7KH SRVLWLRQV RI WKH WZR URWDU\ D[HV RI WKHVH
GLVFUHWH FXWWHU ORFDWLRQV DUH LOOXVWUDWHG LQ )LJV  7KHVH
SRVLWLRQV DUH LQWHUSRODWHG WR REWDLQ WKH HYROXWLRQ RI URWDU\
D[HV A DQG C GXULQJ WKH LQLWLDO WRRO SDWK ZKLFK DUH DOVR
VKRZQ LQ)LJV7KHHYROXWLRQRIA LV VPRRWK+RZHYHU
WKHC D[LV FDUULHV RXW LQFRKHUHQWPRYHPHQWV DQG LW TXLFNO\
YDULHV IURPYDOXHV FORVH WR  D WR  D  ,Q IDFW WKH FXWWHU
WUDYHUVHV WKH VLQJXODULW\ FRQH RI WKH PDFKLQH WRRO DW WKDW
SRVLWLRQUHVXOWLQJLQGLVWXUEHGPRYHPHQWVRIWKHCD[LV


)LJ7KH6VKDSHGSDUW


)LJ(YROXWLRQRI&D[LVGXULQJWKHLQLWLDOWRROSDWK

)LJ(YROXWLRQRI$D[LVGXULQJWKHLQLWLDOWRROSDWK
7KHQXPEHURIWKHVDPSOHGSRLQWVRQWKHGHVLJQVXUIDFHWR
HYDOXDWH WKH JHRPHWULF GHYLDWLRQV LV  u  7KH VPRRWK
ZHLJKW LV H:KHQ WKH WRRO RULHQWDWLRQV RI WKH LQLWLDO WRRO
SDWKDUH UHSUHVHQWHG LQ WKH3&6 WKHPD[LPXPXQGHUFXWDQG
RYHUFXW DUH PP DQG PP ,QWHUSRODWLQJ WKH
SRVLWLRQVRIWKHWZRURWDU\D[HVRIWKHVHLQLWLDOFXWWHUORFDWLRQ
GDWD FDQ REWDLQ WKH URWDU\ D[HV VSOLQHV :KHQ WKH WRRO
RULHQWDWLRQV RI WKH LQLWLDO WRRO SDWK DUH UHSUHVHQWHG ZLWK WKH
WZRURWDU\D[HVFXUYHVDVH[SUHVVHGLQ(TWKHPD[LPXP
XQGHUFXWDQGRYHUFXWDUHPPDQGPPUHVSHFWLYHO\
$IWHU WKH RSWLPL]DWLRQ WKH PD[LPXP XQGHUFXW DQG WKH
PD[LPXP RYHUFXW EHFRPH PP DQG PP
UHVSHFWLYHO\7KHGLVWULEXWLRQVRI WKHJHRPHWULFGHYLDWLRQVRI
WKHLQLWLDOWRROSDWKDQGWKHRSWLPL]HGWRROSDWKDUHSUHVHQWHG
LQ)LJ7KHHYROXWLRQRIADQGCGXULQJWKHRSWLPL]HGWRRO
SDWKDUHVKRZQLQ)LJV7KHLQFRKHUHQWPRYHPHQWVRIWKH
CD[LVDUHUHPRYHGDIWHUVPRRWKQHVVRSWLPL]DWLRQFRQILUPLQJ
WKH YDOLGLW\ DQG HIILFLHQF\ RI WKH SURSRVHG DSSURDFK 7KH
RSWLPL]HGWRROSDWKLVSUHVHQWHGLQ)LJ7KHYDOLGDWLRQRI
WKH SURSRVHG DSSURDFK LV YHULILHG E\ JHRPHWULF VLPXODWLRQV
QRW E\PDFKLQLQJ H[SHULPHQWV DQG WKH H[SHULPHQWDO FXWWLQJ
WHVWVZLOOEHFDUULHGRXWODWHU
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
D ,QLWLDOWRROSDWK E 2SWLPL]HGWRROSDWK
)LJ'LVWULEXWLRQVRIWKHJHRPHWULFGHYLDWLRQV

)LJ(YROXWLRQRI&D[LVRIWKHPDFKLQHWRRO


)LJ(YROXWLRQRI$D[LVRIWKHPDFKLQHWRRO


)LJ7KHRSWLPL]HGWRROSDWK
&RQFOXVLRQV
7KLVSDSHUSUHVHQWVDQHZDSSURDFKWRJHQHUDWHDILYHD[LV
IODQNPLOOLQJWRROSDWKZLWKVPRRWKPRWLRQIRUWKHWZRURWDU\
D[HVRIWKHPDFKLQHWRRO7RVPRRWKWKHWRROSDWKLQWKH0&6
DQG FRQWURO WKH URWDU\ D[LV WKH WRRO SDWK LV UHSUHVHQWHGZLWK
WKUHH VSOLQH FXUYHV WKH &/ FXUYH DQG WKH WZR WUDMHFWRU\
FXUYHVRIWKHURWDU\D[HV7KHJHRPHWULFGHYLDWLRQVRIWKHWRRO
SDWK DUH DOVR WDNHQ LQWR DFFRXQW WR VDWLVI\ WKH DFFXUDF\
UHTXLUHPHQW 7KH VPRRWKQHVV RSWLPL]DWLRQ PRGHO LV WKHQ
GHYHORSHG E\ XVLQJ WKH ZHLJKWHG OHDVW VTXDUHV PHWKRG
6LPXODWLRQV DUH FDUULHG RXW WR WHVW WKH SUDFWLFDELOLW\ DQG
HIIHFWLYHQHVV RI WKH SURSRVHGPHWKRG 7KH ZD\ WR VFKHGXOH
WKH IHHG UDWH RI WKH WRRO SDWK FRQVLGHULQJ WKH FXWWLQJ IRUFH
FRQVWUDLQWZLOOEHGLVFXVVHGLQRXUIXWXUHZRUN
$FNQRZOHGJHPHQWV
7KLVZRUNZDVSDUWLDOO\VXSSRUWHGE\WKH1DWLRQDO1DWXUDO
6FLHQFH )RXQGDWLRQ RI &KLQD *UDQW 1RV  DQG
 DQG WKH 6FLHQFH 	 7HFKQRORJ\ &RPPLVVLRQ RI
6KDQJKDL0XQLFLSDOLW\XQGHUJUDQW1R
$SSHQGL[$*HRPHWULFGHYLDWLRQFDOFXODWLRQZLWK'(
DOJRULWKP
,QSXW 7KH SDUDPHWHUV IRU WKH '( DOJRULWKP WKH WLPHV RI
LWHUDWLRQ T WKH VL]H RI SRSXODWLRQ M WKH FURVVRYHU
SUREDELOLW\ CR WKH SHQDOW\ ZHLJKW  P  WKH JHRPHWULF
SDUDPHWHUVRIWKHFXWWHUSRLQW ip RQWKHGHVLJQVXUIDFH
2XWSXW WKH SDUDPHWULF FRRUGLQDWH  a t RI WKH SRLQW RQ WKH
WRROSDWK VDWLVI\LQJ(T  DQG WKH FRUUHVSRQGLQJJHRPHWULF
GHYLDWLRQ
6WHS,QLWLDOL]DWLRQ
6HW k  
*HQHUDWH D M u PDWUL[A HDFK URZ RIZKLFK UHSUHVHQWV
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